The study set out to examine the effects of supplementing grass silage with various levels of protein concentration and degradability on dietary nitrogen (N) excretion in lactating dairy cows consuming at least 60% forage. Six Holstein/Friesian cows in early to midlactation were offered six diets comprising two levels of crude protein (210 and 290 g/kg DM) and three levels of protein degradability in the concentrate achieved using different amounts of untreated or formaldehyde-treated soybean meal. Despite a difference of almost 100 g/d in N intake, apparent fecal and milk N outputs were not significantly affected. Protein degradability also had no effect on N outputs in feces and milk. However, there was a major effect of both level and degradability of CP on urinary N output. Moreover,
Introduction
Grass silage is a major feed source for dairy cows. Although protein in grazed grass is used efficiently, the ensiling process can adversely affect protein quality. Therefore, there has been an increased use of protein supplements to improve milk production, particularly milk protein concentration. Merely increasing protein concentration in the diet, however, results in lower efficiency of protein utilization. Tomlinson et al. (1996) , for example, observed a 77% increase in N excretion when CP concentration increased from 120 to 180 g/kg DM with no significant effect on milk N.
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an interaction between level and degradability of CP was detected, such that the rate at which urinary N increases with increasing CP degradability was higher on the high-CP than on the low-CP diet. A low level of protein (150 g/kg DM in the diet) and medium to low rumen-degradable protein supplements provided a significant reduction in N excretion without compromising lactational performance (mean 24.8 kg/d), in terms of both milk yield and composition. This study also demonstrated that a high efficiency of N utilization could be achieved on low-CP diets (supplying less than 400 g N/d), with feces being the main route of N excretion, whereas an exponential excretion of urinary N was observed as N intake exceeded 400 g N/d.
There has been much interest in supplementation of low degradable protein sources such as formaldehydetreated soybean to improve AA availability by increasing protein supply as rumen-undegradable protein (RUP) (Beever, 1993) . Lactational response to increased RUP supplementation, however, was inconclusive (Santos et al., 1998) .
Nitrogen consumed in excess of animal requirement is excreted in feces and urine, contributing to environmental pollution (Kirchgessner et al., 1994) . A 650-kg dairy cow is estimated to excrete 116 kg N/yr (Smith and Frost, 2000) , 12% of which could be lost by ammonia volatilization (Lockyer and Whitehead, 1990 ), making dairy cows major N polluters in animal husbandry.
The objective of the present study was to examine the effects of various isoenergetic concentrates, containing two levels of protein concentration at three levels of degradability, on N utilization and milk production of dairy cows fed grass silage-based diets. At low CP, rumen-degradable CP would be more likely to be limiting, which might increase blood urea N to the rumen and reduce N in urine. At high rumen-degradable protein (RDP), more N would be absorbed as ammonia or more AA deaminated, which might increase N excretion in urine. In addition, the study aimed to address environmental concerns regarding the form and amount of N excreted.
Material and Methods

Animals and Diets
The experiment was carried out at the Centre for Dairy Research in the University of Reading. Six multiparous Holstein-Friesian dairy cows were used from the main herd during early to midlactation. The initial average BW of the cows was 620 (SD ± 56) kg.
The diets were composed of early first-cut, partially wilted perennial ryegrass silage (Lolium perenne) prepared without additive and fed with six concentrate feeds. The concentrates were pelleted and offered at 7 kg DM/(cowؒd) on top of grass silage (10 kg DM/[cowؒd]) in two equal meals daily. The total amounts of silage and concentrates offered were isoenergetic with respect to ME and based on a predicted DMI of 17 kg/(cowؒd) (AFRC, 1993) , with 600 g/kg total DM intake derived from grass silage. An additional 10% of silage and concentrates were offered to the cows in case they consumed more than the predicted DMI.
The concentrates (as treatments) were formulated to supply 210 and 290 g CP/kg DM each, with three protein degradabilities (Table 1) . To achieve these specifications, the supplements were formulated with different proportions of solvent soybean meal containing High degradable CP replaced by a Low degradable source of protein (Sopralin), a commercial soybean meal treated with formaldehyde (BP Nutrition SRL, U.K.), to provide three protein degradabilities (namely High, Medium, and Low) within each protein level.
Experimental Procedure
The experimental design was an incomplete block of four periods and six cows. Within each experimental period, wk 1 to 3 were used for dietary adaptation and determination of daily DMI and milk production. Week four was used to assess treatment differences in terms of DMI, milk production, and milk composition, and wk 5 was used for measurement of total N balance. The principal aim of wk 4 was to determine the amount of grass silage to be offered to the cows in wk 5 and to avoid possible differences in DMI and milk production among treatments when the animals were used to measure N balance. Methods of collection and sampling (milk, feces, and urine) are described by Sutton et al. (1997) . Samples of feeds, feces, and urine were stored frozen and dried at 60°C as appropriate for subsequent analyses as described by Castillo et al. (2001) .
Statistical Analysis
Data were analyzed statistically using the General Linear Models procedure of SAS (SAS Inst. Inc., Cary, NC) for a 3-way incomplete block design. The treatments were arranged as a 2 × 3 factorial, with two levels of protein, and three protein degradabilities. Treatment least squares means were assessed because of the incomplete block. When an interaction of CP level and degradability was detected (P < 0.10), linear × interaction and quadratic × interaction were assessed. When no interaction was detected (P < 0.10), main effects of CP level were assessed by ANOVA, and the linear and quadratic effects of protein degradability averaged over CP level were assessed using orthogonal contrasts with single degrees of freedom.
Results
Feed Composition
The concentrate formulations and chemical compositions, including the determinations of DM and CP degradabilities of the feeds, are presented in Tables 1 and Table 2 . Chemical composition and in situ degradability of feeds In situ degradability, a = water-soluble fraction; b = potentially degradable fraction; c = fractional rate of degradation of b fraction per hour; ED = Effective degradability calculated as a + (bؒc)/(c + r), where r is the fractional rate of passage of the rumen digesta per hour.
2. The chemical analyses of the grass silage indicated a relatively mature forage with low CP concentration (123 g/kg DM).
The CP concentrations of the concentrates were close to expected values, at approximately 210 and 290 g CP/ kg DM for the two protein levels. However, there was an increasing concentration of NDF in the supplements as CP degradability declined. This can be explained, in part, by the increased amount of insoluble protein in these feeds, which has been shown to affect NDF determinations (Van Soest et al., 1991) . The fat content of the concentrates ranged from 18 to 23 g/kg DM, whereas all the concentrates had relatively high contents of starch and water-soluble carbohydrate (WSC). Starch and WSC together represented, on average, 515 and 424 g/kg DM, respectively, at each level of protein.
There was a trend for rate of DM degradation and effective DM degradability to decline with high to low degradability treatments within each CP level. Also, rate of degradation and effective degradability of CP in each supplement decreased with added increments of formaldehyde-treated soybean meal. Overall CP degradability values in the concentrates were 642, 516, and 383 g/kg CP for High, Medium, and Low CP degradability concentrates, respectively. Similar average values for the soluble fraction and for the potentially degradable fraction were observed for the two CP levels and the three CP degradabilities when compared for DM and CP, indicating that effective degradability was affected largely by rate of degradation.
Feed Intake
Feed intake and DM digestibility are presented in Table 3 . Concentrate intake was 7.3 kg DM/d for all treatments because refusals consisted almost totally of grass silage. Increasing CP level or changing CP degradability in the supplements had no effect (P > 0.05) on silage DMI (mean 10.6 kg/d) and consequently on total DMI (mean 17.9 kg/d). Total diet DM digestibility was high (mean 762 g/kg DM) and unaffected (P > 0.05) by treatment (Table 3) . On this basis, it was estimated that the mean CP concentration was 159 and 190 g CP/kg DM for low-and high-protein diets, respectively.
Milk Yield and Composition
Feeding high levels of protein did not affect (P = 0.44) milk yields despite a difference of 1.4 kg/d (Table 4) . Furthermore, extra CP intake did not affect milk fat, protein, and lactose yield or composition. Similarly, protein degradability had no significant effect on milk yield and composition. There were no significant interactions between protein level and degradability (Table 4) .
Nitrogen Balance
Nitrogen balance data are presented in Table 5 . There was a significant effect of CP level on N intake but not of CP degradability. The mean difference in N intake between protein levels was almost 100 g/d (P < Contrasts: 1 = main effect of CP; 2 = linear effects of degradability and 3 = quadratic effects of degradability. Contrasts: 1 = main effect of CP; 2 = linear effects of degradability; 3 = quadratic effects of degradability and 4 and 5 = linear and quadratic effects of interaction respectively. c Probability estimate of CP × degradability interaction is inappropriate because simple means are not given. 0.001). As a consequence, significant differences in N excretion were obtained. The major effect was on urinary N output. The increase in dietary CP level increased urinary N excretion by 74 g N/d (P < 0.001). Urinary N excretion increased with increasing degradability (P = 0.001). Apparent fecal output was not affected by CP level (P = 0.11) or degradability (P = 0.23), but there was interaction of CP and degradability for milk N (P = 0.06). Although N retention was not affected by level of CP concentration, cows fed low degradability diets retained more N than cows fed the high-degradable diet (interaction × quadratic effect P = 0.04).
With respect to efficiency of conversion of dietary N, there was a marked effect of CP level on apparent fecal N excretion (P = 0.02) at the expense of urinary N output (P = 0.001), with no consistent effect on milk N output (P = 0.12).
The relationships between total N intake and output as milk, urine, and feces obtained from this study are illustrated in Figure 1 . Fecal N and milk N were linearly related to N intake, with slopes of 20% and 12%, respectively. Below approximately 400 g N intake/d, feces were the main route of N output, with urinary N increasing exponentially above this level.
Discussion
The objective of this study was to evaluate the effect of different CP levels and protein degradability in the supplement on dietary N utilization by dairy cows with consideration given to reducing N pollution. The energy in the concentrates was a mixture of carbohydrates providing different rates of degradation and availability in the rumen, with the protein based on different proportions of untreated and formaldehyde-treated soybean meal. Grass silage quality was quite typical according to Steen et al. (1998) and MAFF (1992) . The effect of the treatments on silage DMI was similar to the results of Sutton et al. (1996) and Santos et al. (1998) . On a grass silage diet, Sutton et al. (1996) increased the CP concentration (200, 300, and 400 g CP/ kg DM) in the concentrate using soybean meal and fish meal, and at equal concentrate intakes no significant effects on silage DMI were detected. Similar results were observed by Santos et al. (1998) , who compared 15 trials with dairy cows supplemented with soybean meal vs treated soybean meal and concluded that total DMI was unaffected by increasing supplies of RUP.
Despite increased N intake, the level of CP concentration in the concentrate had no effect on milk yield or composition. Similarly, protein degradability did not have a significant effect. Thomas (1984) and Sutton (1989) mentioned possible beneficial effects on milk yield when supplementing diets with extra CP, irrespective of degradability, but considering the specific effect of RUP, the current experiment is in agreement with Santos et al. (1998) , who concluded that increased RUP per se in dairy cows does not consistently improve milk yield and composition. However, in most of the studies reviewed by Santos et al. (1998) , RUP was not limiting. The results of the present experiment suggest that the provision of additional RUP did not overcome AA limitation for the production of milk or milk protein.
Level or degradability of protein in concentrate feeds did not significantly affect total fecal N excretion although it increased in response to reduced protein degradability. Tamminga (1992) analyzed the composition of fecal N output in lactating dairy cows and concluded that a reduction in the fecal excretion of indigestible feed protein was not the most promising way to achieve substantial reductions in N loss by the animal. Little improvement in digestibility is possible because true digestibility of feed protein in dairy cow rations is generally high. The higher proportion of dietary N excreted as apparent fecal N for the Low treatment compared with the High is most likely due to metabolic fecal N representing a higher proportion of total fecal N on this low-protein diet.
In agreement with Sutton et al. (1998) and Wright et al. (1998) , the most significant effect of protein concentration in the diet on N outputs was on urinary N excretion. In this study, not only was there a significant increase of urinary N with the higher degradable protein-supplemented diet, but the rates at which urinary N increased with increasing CP degradability were much greater on the high-CP compared with the low-CP diet. This is probably due to decreased efficiency of N capture by microbes in the rumen as the fractional rate of degradation of the potentially degradable fraction of CP in the diet is increased, leading to an increase Predicted ERDP was the value that the experiment was aimed to achieve. in urinary N output. In the high-CP and high degradable diet, effective RDP was estimated to be oversupplied (Table 6 ), which might have resulted in the excess N being excreted as urea in urine and reduced recycling of blood urea N to the rumen. It is also possible that any excess AA in the high-RDP diet may be deaminated and used as a source of energy, thus contributing to higher N excretion in urine. Studies by Metcalf et al. (1996) clearly showed that increasing the DUP content of the diet by the inclusion of Sopralin increased the arterial supply of essential AA to the udder but did not result in corresponding increases in milk protein yield, implying that factors other than the essential AA supply limit the milk protein synthesis in the udder.
From an environmental perspective, losses of N from the animal as urine should be kept to a minimum because urinary N, which is principally in the form of urea, is likely to be more rapidly degraded than fecal N, thus contributing additional N to the environment through the action of bacterial ureases present in the environment (Tomlinson et al., 1996) , who also presented evidence, similar to the results of this study, that dairy cows have the ability to conserve N when dietary protein is low and to keep urinary N to a minimum.
Overall there was a significant repartitioning of excreted N between urine and feces due to changes in protein degradability. Wright et al. (1998) , using diets at restricted DMI observed that both N outputs in feces and urine increased linearly when RUP intake was increased. In this experiment and in accordance with Lines and Weiss (1996) , who examined different protein sources without any apparent restrictions in DMI, it was evident that apparent fecal N excretion increased progressively (when RUP supply increased), accompanied by a substantial decline in urinary N output. However, total milk N or milk N expressed as a proportion of N intake were not affected by changing protein source or degradability in the concentrates, in agreement with Lines and Weiss (1996) .
Nitrogen intake ranged from 419 to 516 g/d and the main route for additional N output was as urinary N. Thus, of the extra 94 g N/d supplied between the two CP levels, 15 and 11% appeared in fecal and milk N, respectively, compared with 74% as extra urinary N, suggesting a low overall efficiency of utilization. According to Peyraud et al. (1995) , all dietary N in excess of animal requirements is excreted in urine, which is confirmed by our results.
It is clear from the results of this study that lactating dairy cows with relatively modest yields are quite sensitive to changes in both the amount and form of protein included in the diet. When total ration protein levels were reduced, total excreted N levels fell from 15.2 to 12.3 g/kg milk produced and, if such results could be imposed in normal livestock systems, they would represent a net reduction in N excretion from 10.6 to 8.6 tonnes/yr for 100 dairy cows producing average milk yields of 7,000 kg/yr. However, these changes were accompanied by a small reduction (5.7%) in milk yield and would necessitate more cows being kept in order to meet individual farm quotas. St-Pierre and Thraen (1999) also observed a similar trend and argued that there will be considerable societal cost associated with enforcing a maximum N efficiency strategy. However, most developed countries are signatories to various treaties to reduce N excretion and the observed changes are not necessarily accompanied by financial penalties, and the opportunity to further develop more environmentally sensitive practices would be increased if milk producers were in the future to be charged for N excretions.
Implications
It is possible to improve N utilization in dairy cows by decreasing protein intake in balanced diets. A reduction of protein concentration from 190 to 150 g/kg dry matter substantially reduced N wasted in urine without compromising lactational performance. Diets with low-degradable protein sources also reduced N output in urine with little change in milk production. The form in which N is excreted is relevant to environmental N pollution. On low-protein concentration diets, a high efficiency of N utilization is achieved, with feces being the main route of N excretion. An exponential increase in urinary N occurs as intakes increase above 400 g/d. More than 70% of N in excess of animal requirements is excreted in urine, which contributes to ammonia emissions and pollution of the environment. These findings must be considered according to the environment impact of N excretion by feces or urine and the possibilities of manipulating these processes.
